Abstract. KLYPVE-EUSO (K-EUSO) is a planned orbital detector of ultra-high energy cosmic rays (UHECRs), which is to be deployed on board the International Space Station. K-EUSO is expected to have a uniform exposure over the celestial sphere and register from 120 to 500 UHECRs at energies above 57 EeV in a 2-year mission. We employed the TransportCR and CRPropa 3 packages to estimate prospects of testing a minimal model for extragalactic cosmic rays and neutrinos by Kachelrieß, Kalashev, Ostapchenko and Semikoz (2017) with K-EUSO in terms of the large-scale anisotropy. Nearby active galactic nuclei Centaurus A, M82, NGC 253, M87 and Fornax A were considered as possible sources of UHECRs. We demonstrate that an observation of more than 200 events will allow testing predictions of the model with a high confidence level providing the fraction of from-source events is 10-15%, depending on a particular source, with a smaller contribution for larger samples. Thus the K-EUSO experiment will provide good opportunities for verifying the KKOS model basing on an analysis of the large-scale anisotropy if the UHECR flux from any of the sources satisfies the above demands.
Introduction
Ultra-high energy cosmic rays (UHECRs) with energies above ∼ 50 EeV, sometimes called extreme-energy cosmic rays, were first registered almost 60 years ago [1] but their nature and sources still remain an open problem of astrophysics and cosmic ray physics. UHECRs are supposed to be produced in extragalactic sources and this has been recently corroborated by an observational finding of the dipole anisotropy in the arrival directions of UHECRs with energies above 8 EeV [2] . Different classes of astrophysical objects are considered as possible sources of UHECRs, among them gamma-ray bursts [3] [4] [5] , young millisecond pulsars and magnetars [6] [7] [8] , tidal disruption events [9] [10] [11] , active galactic nuclei (AGN) of different types [12] and mechanisms of acceleration, including blazars [13] , black hole jets [14] [15] [16] and several other, see, e.g., [17] for a more in-depth discussion.
Recently, a minimal model for extragalactic cosmic rays and neutrinos was proposed by Kachelrieß, Kalashev, Ostapchenko and Semikoz [18] (KKOS in what follows), which can explain the observed energy spectrum and mass composition of cosmic rays (CR) with energies above ∼ 10 17 eV, and matches the high-energy neutrino flux measured by IceCube. The scenario assumes that UHECRs are produced by (possibly a subclass of) AGN. The model does not rely on any particular acceleration mechanism, although it was shown that UHECR production could proceed either via shock acceleration in accretion shocks [19] or via acceleration in regular fields [20] [21] [22] [23] [24] close to a supermassive black hole (SMBH). Alternatively, UHECRs could be produced in largescale radio jets [25] or via a two-step acceleration process in the jet and a radio-lobe [26] . The model neglects the acceleration process details and just relies on the following basic assumptions: i) the energy spectra of nuclei after the acceleration phase follow a power-law with a rigidity dependent cutoff
ii) the CR nuclei diffuse first through a zone dominated by photo-hadronic interactions, and then they escape into a second zone dominated by hadronic interactions with gas.
It was shown that a good fit to the CR energy spectrum can be obtained assuming only hadronic interactions of UHECRs with gas around their sources, but it is difficult to reproduce the observed distribution of X max of CR-induced air showers. Only after adding photo-nuclear interactions with a relatively large interaction depth, which suggests that UHECRs are accelerated close to SMBHs, it is possible to reduce significantly the fraction of heavy nuclei in the primary fluxes and therefore fit satisfactorily both the spectrum and composition data on UHECRs. Moreover, the secondary highenergy neutrino flux obtained in the scenario matches the IceCube measurements [27] , while the contribution of unresolved UHECR sources to the extragalactic γ-ray background [28] is of the order of 30%. The spectrum of CR leaving the source environment (i.e., after passing the second zone) in the best fit KKOS model with α = 1.5 is shown in the left panel of Fig. 1 for several mass ranges. In the right panel, we illustrate the attenuation effect on the integral flux by plotting the distance at which the total flux above the given energy drops by factor of 1/e. Note that the integral flux attenuation length depends both on the initial source spectrum and composition. Due to strong propagation effects, the observable cosmic ray mass composition and energy spectrum can vary considerably for each individual source even though the injection spectrum is precisely the same for all of them. Moreover, at energies E 150 EeV, where attenuation length for the integral flux drops to tens of Mpc, the CR flux may be dominated by the contribution of a nearby source located within 20 Mpc from the Milky Way. This, in turn, can lead to a substantial large-scale anisotropy in the UHECR flux. Orbital detectors with a sufficiently large exposure will provide good opportunities for studying this effect due to their possibly almost uniform exposure of the whole celestial sphere [29] [30] [31] . One of the future orbital experiments that are being actively developed today is the KLYPVE-EUSO (K-EUSO) telescope, which is aimed to be installed on board the International Space Station (ISS) in 2022 for a 2-year mission [32] [33] [34] [35] . K-EUSO is a further development of a technique of registering UHECRs via ultra-violet radiation 1 For the photodisintegration process in general, the energy loss length of the leading nucleus with atomic number A and Lorentz-factor γ can be roughly related to its interaction length
, where δA 1 is the average number of nucleons lost by the nucleus in a single interaction. Since L int moderately depends on A while γ remains approximately constant in the chain of interactions, L loss does not change dramatically along the particle trajectory until A = 1. This is not the case for protons: L loss,p drops as soon as the GZK cut-off energy is reached.
emitted by extensive air showers in the atmosphere of Earth from a low-orbit satellite, implemented for the first time in the TUS detector [36, 37] . The telescope is expected to have a Schmidt-type optical system with the main mirror-reflector of a 4 m diameter, an entrance pupil of a 2.5 m diameter and a 1.7 m focal length. A round-shaped field of view of 40
• will provide an instantaneous geometrical area of nearly 6.7 × 10 4 km 2 at sea level for the ISS altitude around 400 km. It is expected that K-EUSO will register from 120 up to almost 500 UHECRs with energies above 57 EeV in two years. The difference between the lower and the upper boundaries of the estimate arises from the difference in the energy spectra of the Pierre Auger Observatory and the Telescope Array [35] .
Capabilities of a previous version of the telescope (KLYPVE) to detect the Telescope Array hotspot were studied earlier [38] . In what follows, we study if K-EUSO will be able to verify the KKOS model basing on an analysis of the large-scale anisotropy of arrival directions of UHECRs under certain assumptions.
Method of the analysis
In what follows, we consider five possible sources of UHECRs that are often discussed in literature and satisfy the KKOS model. These are NGC 253, Centaurus A, M82, M87 and Fornax A. These are radio-loud galaxies located at distances d ≈ 3.5 . . . 20 Mpc from the Milky Way. For each source located at a given distance d, we calculated an energy spectrum and mass composition of the CR flux crossing the Milky Way boundary using a public numerical code TransportCR [39] , which was also used in the original work [18] . A contribution of other sources was approximated by an isotropic component. The spectrum and mass composition for the isotropic component was calculated by solving the transport equation with a homogeneous source distribution for distances R > 2 1/3 d, and zero density for smaller distances. We assumed that deflections of CR nuclei in the inter-galactic space are small, so that nuclei accelerated at a particular source arrive to the Milky Way within 1
• from the actual direction to the source. The CRPropa 3 package [40] (GitHub snapshot of 24th June, 2018) was employed to calculate deflections of nuclei in the Galaxy on their way to the Solar system assuming the Jansson-Farrar model of the Galactic magnetic field (GMF) [41] . All three components of the GMF used in the model (the regular, striated and turbulent ones) were involved in simulations. Backtracking was performed for all possible pairs (Z, E) in the spectra to obtain maps of apparent arrival directions of different nuclei to Earth given original directions of arriving to the Milky Way. Calculations were made on the HEALPix 2 grid with N side = 512 providing angular resolution of the order of 7 . This is far beyond the angular resolution of the K-EUSO experiment but was chosen in order to reliably recover an observed distribution of arrival directions of nuclei after their propagation in the galactic magnetic field.
There are a number of mathematical tools traditionally used for studying the large-scale anisotropy of cosmic rays. Historically the first one is a harmonic analysis in right ascension, see [2] for a recent application. The effectiveness of the method is mostly confined to the lowest multipoles due to the small statistics of UHECRs. Another approach is based on calculating the angular power spectrum coefficients decomposing the observed flux f (θ, φ) into spherical harmonics
where Y m l (θ, φ) are the spherical harmonics and a m are their multipolar moments (coefficients), see, e.g., [42] for details. Coefficients C provide an efficient tool for estimating deviations from isotropy at different multipoles providing a sufficiently large sample is available.
The IceCube and Auger experiments suggested a simple approach that allows estimating a total impact of different multipoles in deviating from an isotropic distribution of arrival directions and also penalises statistically the search over many angular scales [43, 44] . They suggested to calculate
where C ,data , C ,iso and σ ,iso are, respectively, the C observed in the data, and the average and standard deviation from isotropic expectations, all of them calculated at a given scale . In practice, C ,iso and σ ,iso are evaluated using a simulated isotropic flux with the same number of events and exposure as for the data [44] . One can choose a certain confidence level for defining a threshold to accept or reject the isotropy hypothesis and then compare a value of D 2 data calculated for the data to the distribution of D 2 iso obtained for the isotropic distribution. We tried this approach but found another function to be slightly more sensitive to deviations from an isotropic distribution. Namely, our results presented below are based on calculating an estimator
which is the same one as used by the Pierre Auger collaboration but without a square of the summands. This allows taking into account the fact that the expected deviations from the isotropic case are one-sided (positive). Here, C ,data is replaced with C ,mix , which is the C obtained for a simulated mixture of an isotropic flux and cosmic rays arrived from a particular source. To the contrary to the case when one works with experimental data, we needed to simulate many mixed samples. After this, we compared the number of values of D iso greater than the median of D mix to test the isotropy hypothesis. Our aim was to find a fraction of from-source events in mixed samples of different sizes such that the probability of deviating from isotropy to occur by chance was 10 −5 .
Main results
Let us consider the simplest case of a large-scale anisotropy formed by an impact from a single source. We performed simulations for N UHECR = 100, 200, . . . , 500 to cover the whole possible range of N UHECR to be detected by K-EUSO. The main result is presented in Table 1 . The numbers in the table give the percentage of events arriving from a particular source in a sample of size N UHECR , such that the fraction of D iso greater than median of D mix is 10 −5 . For example, in the case of NGC 253 and N UHECR = 500, the median of D mix equals 1.22, and only six of 500,000 values of D iso are greater than 1.22, giving a fraction of 1.2 × 10 −5 , as soon as UHECRs arriving from this source constitute 7% of the whole sample. This in turn means that the large-scale anisotropy observed in this case stands out from isotropic expectations with a p-value of 1.2 × 10 −5 . All results presented in Table 1 were obtained for 500,000 isotropic samples and 10,000 mixed samples for each N UHECR . The accuracy of the numbers is ±1. We tried up to 100,000 mixed samples but simulations revealed that median of D mix only weakly depends on the number of samples. Results for N UHECR = 500 are illustrated in Figures 2-6 for each of the sources. An important point to mention is the value of max used for calculating estimator D. It became clear from simulations and can be seen in the figures below that coefficients C calculated for mixed samples quickly converge to isotropic values, so that it makes no sense to take into account a contribution from multipoles with > 16. The estimator becomes even more sensitive with lower max in case only the lowest multipoles deviate from the isotropic distribution. Still, all results in terms of D presented here were obtained with one and the same max = 16 for the sake of uniformity.
Let us briefly comment on the numbers obtained for each of the sources and presented in Table 1 . The first three sources (NGC 253, Cen A and M82) are the closest among them. They are located at distances d ≈ 3.5 Mpc [45] , at different directions in the celestial sphere. Arrival directions of nuclei coming from them demonstrate strikingly different patterns, see the top panels in Figs. 2-4 . The behaviour of C is also different for each of the sources (see the left bottom panels), and the more fuzzy is the pattern of arrival directions of from-source events, the greater is their fraction in the whole sample necessary to distinguish a large-scale anisotropy. A percentage of from-source events required to identify an anisotropic distribution with a p-value 10 −5 varies in the range from 7% to 10% for N UHECR = 500, and it grows with decreasing N UHECR . The latter is true for all the other sources. Next, M87 (Virgo A) is an active galactic nucleus located in the Northern hemisphere at d ≈ 18.5 Mpc from the Milky Way [45] . It also provides a specific fuzzy pattern of arrival directions of from-source UHECRs, distinct from the other sources considered here, see Fig. 5 .
Finally, the radio-loud Fornax A (NGC 1316) galaxy is the most distant source among those considered here. A pattern of arrival direction of UHECRs coming from it is comparatively compact resulting in mere 8% among N UHECR = 500 necessary to provide a p-value < 10 −5 , see Fig. 6 . It can be seen from Table 1 that the threshold value of contribution from a single source that can be still detected is around 10-15% for N UHECR > 200, and it does not considerably depend neither on the source position on the celestial sphere nor on the distance to it. Thus, this value can be straightforwardly compared with theoretical expectations. We used the simplest model of identical sources uniformly distributed with a number density n. Given that the characteristic path length L c at the relevant energies is around 100 Mpc (see Fig. 1 ), we have performed our simulations in a V box = (600 Mpc)
3 box centered at the observer position. Less than 5% of the total flux comes outside this box, so we have ignored that part. The total number of simulated sources was equal to N src = nV box . A contribution from an individual source located at distance d was calculated as
Finally, all contributions were summed up, and fractions from the brightest (the closest in this set up) and the second-brightest sources were calculated. This procedure was repeated 100,000 times and that gave a fairly good sampling of the distributions (see Fig. 7 ). Median values of these distributions for different values of density n are presented in Table 2 . It can be seen that the analysis of a large scale anisotropy observed by K-EUSO will have a potential to constrain the density of identically distributed sources at the level n > (1 − 2) × 10 −5 Mpc −3 . This value shall be compared with the current limits coming from the non-observation of significant clustering at intermediate angular scales in the same energy range by the Pierre Auger Observatory: n > 6 × 10 −6 Mpc −3 [46] . Table 2 . Percentage of UHECRs with E > 57 EeV arriving from the closest and the second closest source in the setup of identical uniformly distributed sources with density n.
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Conclusions
We have studied if a minimal model for extragalactic CRs and neutrinos suggested by Kachelrieß, Kalashev, Ostapchenko and Semikoz [18] can be verified with the future K-EUSO orbital detector basing on an analysis of a large-scale anisotropy of arrival directions of UHECRs with energies above 57 EeV. We considered five possible sources often discussed in literature and allowed by the model (Centaurus A, M82, NGC 253, M87 and Fornax A), focusing on the case of a single source providing a deviation of an otherwise isotropic distribution. Using extensive simulations performed with the TransportCR and CRPropa 3 packages, we found that the answer strongly depends on the number of UHECRs registered by K-EUSO and a fraction of from-source events in the whole sample. The main result calculated for the p-value 10 −5 and the size of samples from 100 to 500 CRs with energies above 57 EeV is presented in Table 1 . It demonstrates the K-EUSO experiment will be able to distinguish a largescale anisotropy arising in the KKOS model from any of the above sources (assuming the Jansson-Farrar model of the galactic magnetic field [41] ) with the given p-value providing the detector registers 200 events and a fraction of from-source CRs is 12-19%, depending on a particular source, with a smaller contribution for larger samples.
